Haptoncus ocularis is a candidate pollinator of the subtropical orchard tree cherimoya (Annona cherimola). To collect basic information for the use of this species as a pollinator by mass rearing and releasing in greenhouses, the developmental period and attained adult size at constant temperatures of 15, 20, 25 and 30°C were investigated. The photoperiod was 16-h light/8-h dark at all temperatures. The developmental period was shorter at higher temperatures, except at 30°C, which lengthened pupation. Mortality from last instar larva to adult eclosion was higher at 15 and 30°C than at 20 and 25°C. The thermal threshold (developmental zero) ranged from 8.2 to 12.2°C for different developmental stages and sexes. The thermal constant (total effective temperature) of the period from egg to the next oviposition was ca. 284 degree-days. Both head width and right forewing length of the adults raised were largest at 20°C and second largest at 25°C. The maximum number of generations in a year was estimated to be nine in Wakayama, Japan.
INTRODUCTION
The cherimoya, Annona cherimola Mill. (Magnoliales: Annonaceae), is a tropical orchard tree. Although it is self-compatible, autogamy is generally impossible because of protogynous dichogamy (Sanewski, 1991) . This is a relatively archaic plant that does not use bees as pollinators. Thus, hand pollination is used to obtain a sufficient fruit set, but this takes time and money (Gazit et al., 1982; Richardson and Anderson, 1996) . Several studies have been conducted to identify adequate pollinators of cherimoya and its relative, atemoya (A. cherimolaϫsquamosa) , to reduce orchard labor. Nitidulid beetles were the main visitors of Annona spp. flowers (Gazit et al., 1982; George et al., 1989; Nagel et al., 1989; Nadel and Peña, 1994) , and secondary visitors included staphylinid beetles and Orius spp. (Hemiptera: Anthocoridae) (Caleca et al., 1996 (Caleca et al., , 1998 Palmeri and Longo, 1997) .
These fruit trees were introduced to the Japanese main island, Honshu, nearly two decades ago. They are cultivated in greenhouses to avoid frost damage. Such facilities are favorable for the use of mass-released insect pollinators since the greenhouse can prevent the insects from escaping. We have been studying flower visitors of the cherimoya in Japanese orchards for the purpose of finding an adequate pollinator from among indigenous insects (Tsukada et al., 2004 (Tsukada et al., , 2005 . During our field survey, several individuals of Haptoncus ocularis (Fairmaire) (Coleoptera: Nitidulidae), among other species such as Mimemodes monstrosus (Reitter) (Rhizophagidae) and Carpophilus marginellus Motschulsky (Nitidulidae) were found on the flowers.
Feral individuals of H. ocularis visit cherimoya flowers during the best season for pollination in Wakayama (Tsukada et al., 2005) . They enter the female-stage flowers and leave the flower during the male stage with much pollen on their bodies (unpublished data). Therefore, it is assumed that they pollinate the plant. This small sap beetle has a body length of ca. 2 mm (Hisamatsu, 1985) , and is distributed widely in warm regions from East Africa to Japan (Gillogly, 1982; Kirejtshuk, 1998) .
Females lay their eggs on rotting fruits such as orange and pineapple. Larvae develop there, and pass through three instars before pupation. Mature lastinstar larvae (hereafter, old larvae) wander about before entering the soil, where they pupate. Larvae also develop on ripened cherimoya fruits. However, cherimoya fruits usually ripen after harvest, so H. ocularis is not likely to damage the fruit in the orchard. Also, even though some flower visitors including nitidulid beetles are known to injure plant ovaries, which causes aesthetic damage to some orchard fruits, this seems not to occur on the cherimoya. Thus, the use of this species as a pollinator by mass release in greenhouses is possible. On the other hand, H. ocularis, as well as other nitidulid beetles such as Lasiodactylus pictus, can contaminate the Japanese plum (Prunus mume) during harvest, but adequate pest management has not been established because of the lack of published data on their basic biology.
To investigate the use of H. ocularis as a pollinator of the cherimoya, especially by mass rearing and release in greenhouse orchards, their developmental characteristics must be known. Among many abiotic environmental factors, circumstantial temperature is one of the most crucial ones that regulate the development of insects (Bochdanovits and Jong, 2003; Hao and Kang, 2004; Skinner et al., 2004) . Except for extremely high or low temperatures, insects develop faster (Tsukada, 1994; Doerr et al., 2002; Kohno, 2003; Omkar and Pervez, 2004 ) and attain smaller adult size (Atkinson, 1994; Partridge et al., 1994; Fischer and Fiedler, 2002) at higher temperatures. Developmental rate and adult size attained are correlated with the intrinsic rate of increase, fecundity and other life-history characteristics (Nylin and Gotthard, 1998; Savage et al., 2004) , and thus offer basic information for the mass rearing of insects. Furthermore, using the values of thermal threshold and thermal constant, one can estimate the voltinism of a species (Braman et al., 1992) . In this study, we experimentally elucidated the thermal requirements and adult size of H. ocularis. Our results offer basic information both for the use of H. ocularis as a pollinator for cherimoya and for its control on other fruits.
MATERIALS AND METHODS
Insect stock culture. The insects used originated from feral individuals caught in the flowers of cherimoya in a commercial greenhouse in Shimotsu, Wakayama, central Japan (135°14ЈE, 34°07ЈN; altitude, ca. 450 m). They were reared in plastic containers measuring 23ϫ15ϫ14 cm ht. The top of each container was covered with finemeshed gauze, which allowed sufficient ventilation but prevented insects from escaping. Cut pineapple was periodically supplied as food, and the bottom of the container was lined with moist vermiculite as the pupation site. Water was sprayed as needed on the vermiculite. The beetles were easily reared at 25°C with a 16-h light/8-h dark (16L8D) photoperiod.
Development from egg to adult. It was not possible to distinguish the sexes of the adults without dissection. In addition, finding eggs in the pineapple was extremely difficult. Therefore, the following procedure was used to obtain eggs. First, 10 adults from the stock were introduced into a 30-ml vial held at 25°C with a 16L8D photoperiod. The vial contained a piece of pineapple for oviposition. The insects were then removed within a day and placed into a new vial with another piece of pineapple for the next oviposition. The old vial with the pineapple piece was then transferred to an environmental chamber kept at the temperature of 15, 20, 25 or 30°C and a 16L8D photoperiod. This procedure was repeated every day for 25 replicates of 10-adult sets until sufficient larvae were obtained. The pieces were examined every day. When larvae were found, each was gently transferred to a 10-ml vial with a pineapple piece as food and a piece of wet tissue paper as the pupation site. The tissue paper was ca. 0.4 g in weight, and contained ca. 1.2 ml of water. It was found that this is the most suitable water volume for the pupation of H. ocularis (unpublished data). The vials were examined every day. The date when the old larvae ceased to feed and began to seek a pupation site, the pupation date and adult emergence date were recorded. The old larvae frequently pupated deep in the tissue paper. In such cases, it was not possible to observe the pupation site or record the pupation date. The dates of oviposition, appearance of young larvae (not used for analysis), maturation of old larvae, pupation and adult eclosion were also recorded. The date of egg hatching was not recorded because of the difficulty of finding all the newly emerged larvae within a day. The sex of each individual was determined after adult eclosion by dissection under a binocular microscope.
Preoviposition period. Two newly emerged adults, the sexes of which were unknown, were obtained from the stock culture. They were introduced into a 30-ml vial with a piece of pineapple and kept at one of the four temperature conditions described above. Approximately 130 pairs were prepared. The vial was capped with compressed cotton. For the vials at 30°C, the cotton cap was sprayed with water to prevent desiccation. The adults were transferred to a new vial with a new piece of pineapple every day. Each old vial was transferred to the 25°C chamber, and examined every day for newly emerged larvae. This procedure enabled the date of oviposition for each vial to be specified without detecting the eggs. The temperature of 25°C was chosen because the mortality of the eggs and newly emerged larvae seemed to be smallest at this temperature. When larvae were found, the preoviposition period was calculated from the date of emergence of the paired individuals and the first oviposition date.
Adult size. The adults obtained in the "Development from egg to adult" phase were individually dried, and head width (distance between outer sides of the compound eyes) and the length of the right forewing were measured using a micrometer under a binocular microscope. The specimens were then dissected to determine the sex.
Statistical procedures. The parameters of thermal requirements (i.e., thermal constants (K) and thermal thresholds (T 0 )) were obtained from the regression lines of 1/D against T, where D is days required to complete a stage and T is temperature °C. These lines were estimated from the raw data, not from the means of each temperature. The effect of temperature on mortality was analyzed using a loglinear model. Adult size was analyzed using a generalized linear model (GLM), two-way ANOVA followed by a Tukey-Kramer multiple comparison test. These and other statistical tests were performed using the NCSS statistical package (NCSS, 1995) .
RESULTS
Among the three stages examined for development, the period from egg to old larva required the longest time, and the period from pupa to adult required the shortest (Table 1 ). These two periods were shorter at higher temperatures. However, the period from old larva to pupa was the shortest at 25°C, and was slightly longer at 30°C. The total period from egg to adult and the preoviposition period were also shorter at higher temperatures. These tendencies were consistent for both sexes. There was no difference in developmental rate (1/D) from egg to adult between the two sexes for the temperatures of 15, 20 and 25°C (ANCOVA with temperature being the covariate, pϾ0.05; data at 30°C were omitted to ensure linearity between temperature and developmental rate).
The thermal threshold of the two sexes was about 8.4°C for the period from egg to old larva (Table 2) . However, other than that, T 0 was above 10°C. The sum of the thermal constant (K) from Development of Haptoncus ocularis 491 egg to adult and preoviposition period for females was ca. 269 degree-days (DD). To calculate these values, the data at 30°C for the period from old larva to pupa and from egg to adult were omitted because linearity between 1/D and temperature could not be expected if the data were to be included. The sex ratios of the adults attained were not significantly different from 0.5 at 20 and 25°C (binomial test, pϾ0.05); however, at 15 and 30°C, there were significantly fewer males than females (binomial test, pϭ0.016, pϭ0.010, respectively; Table 3 ). Mortality rates during the period from old larva to adult eclosion were 31.1% at 15°C, 9.3% at 20°C, 2.6% at 25°C, and 34.1% at 30°C. Temperature significantly affected mortality (log-linear model, pϽ0.0001 for the interaction).
Both head width and right forewing length were largest at 20°C, and second largest at 25°C. Each feature showed mostly the same values at 15 and 30°C (Table 3) . Both values were significantly larger for males than for females over the four temperatures (GLM, two-way ANOVA, pϽ0.0001 for both).
DISCUSSION
The developmental period from old larva to pupation was longer at 30°C than at 25°C, suggesting that high temperature detrimentally affects pupation. Detrimental effects of high temperature have been commonly documented among insects (Kiritani, 1997). However, apart from the pupation process, high temperature did not seem to have other detrimental effects on the developmental period. It is likely that at stages other than pupation, detrimental effects would occur above 30°C. Considering that H. ocularis is distributed widely in warm regions of the world (Gillogly, 1982; Kirejtshuk, 1998) , tolerance to relatively high temperature would be expected. In addition, although the free-living stages of this species would be directly exposed to air temperature, the pupal stage in the soil would be somewhat insulated (Skinner et al., 2004) . Furthermore, old larvae would choose an appropriate depth for pupation according to the 492 M. TSUKADA et al. temperature (Dimou et al., 2003) . Thus, the detrimental effect of high temperature on pupation under natural conditions might be smaller than determined in this study. The mortality rate from old larva to adult eclosion was higher at 15 and 30°C than at the middle temperatures. Therefore, even though there appeared to be no detrimental effect of low temperature on the developmental period, 15 and 30°C are likely to be stressful for pupation and/or the eclosion of H. ocularis. The sex ratio of the adults that emerged suggests that the mortality rate was especially high for males.
It is well known that in the favorable temperature range, insects that develop at lower temperatures attain a larger size at eclosion (Atkinson, 1994) . In this study, the adults were larger at 20°C than at 25°C. Thus, H. ocularis follows the general rule. The underlying mechanism for this rule, however, is still under controversy (Ahnesjö and Forsman, 2003) . Recently, Fischer et al. (2003) showed that in the nymphalid butterfly Bicyclus anynana, lower temperatures exert higher mortality on smaller eggs and larvae. In our study, the males were larger, and both sexes were largest at 20°C. Furthermore, except for wing length at 25 and 30°C, where the two mean values were nearly the same, the difference in size for each sex was larger at the two extreme temperatures and smaller at the two intermediate temperatures (Table 3) . Considering the difference in the mortality at each temperature and sex, we conclude that males with the potential to be smaller are less likely to survive to the adult stage than others at unfavorable temperatures.
Even though the total developmental period was shorter at higher temperature conditions, the difference at 25 and 30°C was small. In addition, the mortality rate and the adult size suggest that 20 and 25°C are suitable for rearing H. ocularis. Therefore, rearing temperatures between 20 and 25°C can be chosen according to the required time for obtaining the adults. It may also be helpful to rear them at 30°C until old larvae and allow them to pupate at a lower temperature since this would facilitate larval development and reduce mortality during pupation. Besides temperature condition, the density of the larvae and type of food also affect development. It is worthwhile to carry out additional experiments to confirm the best condition for mass rearing of this beetle.
Based on the duration from oviposition to adult eclosion, the thermal constant (K ) was 241.8 DD for females. However, when K is summed over each developmental stage, the value is 256.7 DD for this period. Because we could not record all of the pupation dates, the sample sizes for this were smaller than for the period from oviposition to eclosion. Nevertheless, this would be a more precise estimate of the true value since T 0 appeared to differ among the developmental stages. Adding this value to K for the preoviposition period, 27.1 DD, we obtain 283.8 DD. The weighted average of T 0 corresponding to this value is 9.6°C. From the mean daily air temperature in Wakayama and these values (Anonymous, 2004) , the expected number of generations per year would be nine. However, as high temperature appears to affect pupation detrimentally, the actual number of generations might be fewer. Furthermore, if this insect enters diapause during its lifecycle, the number of generations would decrease. Such uncertainty, however, would not seem to affect the use of this insect because feral individuals are found in the flowers of cherimoya in June when hand pollination is carried out (Tsukada et al., 2005) .
The developmental biology of nitidulid beetles has been studied almost exclusively in Carpophilus spp. (James and Vogele, 2000) . The thermal constant from egg to adult for three Carpophilus species ranged from 260.4 to 320.0 DD, and T 0 ranged from 14.6 to 15.4°C under constant temperature (James and Vogele, 2000) . The thermal constant for H. ocularis obtained here was similar, though smaller. However, the thermal threshold was ca. 4°C lower for H. ocularis. Therefore, when Carpophilus spp. and H. ocularis occur on dropped fruit at the same time, which frequently occurs, H. ocularis will finish developing earlier, especially at lower temperatures. As the fruit resource is limited, we suggest that H. ocularis has a competitive advantage over Carpophilus spp.
This study revealed developmental characteristics of H. ocularis that are indispensable information for mass rearing. On the other hand, prerequisites for mass release must yet be investigated. Considering that this species is found to visit the cherimoya flower, it is assumed that mass-released insects visit the flowers easily. Nevertheless, their behavior on the flowers should be studied to clarify their pollination ability because not all flower visi-tors are effective pollinators (Waser et al., 1996) . Furthermore, mass rearing can change the characteristics of insects genetically (Miyatake and Yamagishi, 1999) . Therefore, important traits such as propensity to visit flowers should be monitored over a long period of time. Finally, harmful effects on Japanese plum and other fruits should be considered. A possible way to minimize harm to other crops would be to use fine mesh for the openings of greenhouses. Detailed studies are required to evaluate the effect of such efforts before carrying out mass release.
